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Abstract 
In this work, the effect of Al ternary alloy addition on Ni-Ti alloys has been investigated. It has been seen that, with Al addition, martensite 
transformation temperatures decrease at different rates in Ti-rich and Ni-rich alloys. The paraequilibrium temperature, T0, and the chemical 
driving force for martensitic transformation in Ti-rich alloys is independent of Al composition but it increases with Al content in Ni-rich alloys. 
On the other hand, T0 and the chemical driving force for R phase transformation are same in Ni and Ti-rich alloys. The results show that Al and 
Ni contribute equally to the driving force, while Ti contributes the least. It also appears that the interaction of Al with Ti on Ti sites is higher than 
the interaction of Al and Ni on Ni sites. The variation of lattice parameter of B2 phase in alloys from both the series decreases with Al content, 
the trend suggesting that Al substitutes both Ni and Ti sites in the B2 lattice.  
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1. Introduction  
The martensitic transformation of Ni-Ti based ternary shape memory alloys has been widely investigated [1, 2 and 3].  It is 
known that martensitic transformation temperatures and transformation behavior can be greatly altered by the varying Ti/Ni ratio 
and addition of ternary alloying elements. For instance, V, Mn, Cr, which substitute Ni, reduce transformation temperatures [4], 
whereas, Hf, Zr, which substitute Ti, increase the transformation temperatures. However, there have been only few studies on the 
effect of Al addition on the transformation behavior of Ni-Ti alloys [5, 6]. Most of these studies have shown that Al depresses the 
martensitic transformation and triggers the appearance of the R phase. However, the site preferred by Al in the B2 lattice and the 
effect of Al on the transformation behavior is still not clearly understood. The present study attempts to address these issues 
through the investigation of the effect of Al on Ni-rich alloys and Ti-rich alloys. In this work, alloys with composition Ni50-
xTi50Alx are addressed as Ti-rich alloys and alloys with composition Ni50Ti50-xAlx are addressed as Ni-rich alloys. The phase 
transformation behavior was investigated by differential scanning calorimeter (DSC) and the associated structural and 
microstructural changes were investigated by X-ray diffractometry (XRD).  
2. Experimental 
Two series of alloys were prepared, i.e. Ni-rich and Ti-rich alloys. In Ni-rich alloys, the nominal composition was Ni50Ti50-xAlx 
(x=0.5-2.0 at %) and in Ti-rich alloys, the nominal composition was Ni50-xTi50Alx(x=0.5-3.0at %). Alloys were prepared from high 
purity Ni, Ti, and Al by arc melting under argon atmosphere. The alloy buttons were remelted several times to ensure 
compositional homogeneity. The buttons were hot rolled at 925oC into 0.5 mm thick strips and annealed for half an hour. Samples 
taken from the rolled strips were solutionized at 1000oC for an hour. The transformation behavior was studied using a Mettler-
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Toledo, DSC 822e Differential scanning calorimeter (DSC). Cu-K radiation was used for the room temperature X-ray 
investigations.  
3. Results and Discussion 
3.1 Differential Scanning Calorimetry 
The phase transformation behaviour of Ni-rich and Ti-rich alloys is shown in Figs.1 and 2. As observed, Al addition results in 
the appearance of the R phase transformation. In Ni-rich alloys, the characteristic temperatures of the martensitic transformation 
decrease at a rate higher than those of the R phase transformation. Thus, the reverse transformation in nearly all Ni-rich alloys 
occurs as a two-stage transformation: B19’-R-B2. In Ti-rich alloys, on the other hand, both martensite and R phase transformation 
decrease at about the same rate and the reverse transformation is a single stage B19’-B2 transformation. 
                                          
                          
-80 -60 -40 -20 0 20 40 60 80
Ni
50
Ti
48.0
Al
2.0
Ni
50
Ti
49.0
Al
1.0
Temperature (
0
C)
H
e
a
t
F
lo
w
Ni
50
Ti
49.5
Al
0.5
Ni
50
Ti
48.5
Al
1.5
(a)
              
-60 -40 -20 0 20 40 60 80
Ni
49.0
Ti
50
Al
1.0
Temperature (
0
C)
Ni
49.5
Ti
50
Al
0.5
Ni
48.5
Ti
50
Al
1.5
Ni
47.5
Ti
50
Al
2.5
Ni
48.0
Ti
50
Al
2.0
Ni
47.0
Ti
50
Al
3.0
H
e
a
t 
F
lo
w
(b)
                    
Fig.1: Transformation behaviour during cooling cycle for (a) Ni-rich, (b) Ti-rich alloys 
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Fig.2 (a) and (b): Transformation behaviour during heating cycle for (a) Ni-rich, (b) Ti-rich alloys. 
 
Figure 3 (a) and (b) shows the variation of the R phase transformation temperature, RS, and the martensite transformation 
temperature, MS, with Al content in Ni-rich and Ti-rich alloys. On comparing the martensite transformation temperatures of both 
series, it becomes evident that Al addition has a higher effect on Ni-rich alloys (~90K/ at. %) as compared to Ti-rich alloys (~30K/ 
at. %). This behavior is perhaps related to the fact that in Ni-rich alloys both excess Ni and Al will affect the transformation 
temperature, while only Al will do so in Ti-rich alloys. Another interesting observation is that R phase transformation 
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temperatures are unaffected Al addition, i.e. R phase transformation temperatures change at the same rate in both alloy series 
(~30K/ at. %).   
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Fig.3: Plot showing rate of change of Ms and Rs in (a) Ni-rich alloys, (b) Ti-rich alloys. 
The effect of Al addition can also be explained in terms of the variation in the chemical driving force. T0 is defined as the 
temperature at which the chemical free energies of the parent phase and martensite are equal. For thermoelastic martensitic 
transformations, T0 occurs at (MS+AF)/2 [7]. The quantity T0-MS is then the measure of the chemical driving force required for the 
martensitic transformation. The T0 and T0-MS for Ni-rich and Ti-rich alloys are shown in Fig.4 (a) and (b), respectively. In Ni-rich 
alloys, T0 decreases at a rate of ~90K/ at%, whereas it is ~30K/ at% for Ti-rich alloys. T0-MS increases with Al content in Ni-rich 
alloys and is independent of Al content in Ti-rich alloys.  Al addition, thus, appears to increase the thermodynamic stability of B2 
phase to a greater extent in Ni-rich alloys. This also suggests that the interaction of Al with Ti on Ti sites is greater than the 
interaction of Al with Ni on Ni sites. Comparing the effects of Al on the two alloy series we can state that Ni and Al have similar 
contribution to the driving force, while that of Ti is lesser. We can derive this from the fact that Al addition in Ti-rich alloys (Al 
replaces Ni) has no affect on the driving force while it has in Ni-rich alloys (Al replaces Ti). A similar exercise was done for the R 
phase transformation and it is determined that Al does not affect the driving force of transformation and affects the T0 to the same 
extent in both alloy series.           
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Fig.4: Plot showing rate of change of T0 and T0-MS in (a) Ni-rich alloys, (b) Ti-rich alloys.
3.2   X-Ray Diffraction Analysis 
Figure 5(a) shows an example of the X-ray pattern obtained from an alloy with martensite and R phase at room temperature 
(RT). Only Ni50Ti49.5Al0.5 composition of Ni-rich series shows R phase and martensite at RT, while the remaining alloys show the 
parent phase, Fig. 5(b).  A similar set of diffraction patterns are also obtained for the Ti-rich alloys. Figure 6 focuses on a small 
range of 2theta in Ti-rich alloys having the parent phase at RT, where the peaks of NiTi2 phase are indicated. From the intensities 
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of the peaks, it can be qualitatively stated that the volume fraction of NiTi2 does not increase significantly with Al content. A 
similar result is obtained in the case of Ni-rich alloys. If the Ti-sites were preferred by Al atoms, the addition of Al to Ti-rich 
alloys would have increased the amount of NiTi2 phase (removal of excess Ti). It is inferred from this that Al can equally occupy 
Ti sites in Ni-rich alloys and Ni-sites in Ti-rich alloys. 
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Fig.5 (a) and (b): (a) XRD pattern of alloy Ni50Ti49.5Al0.5 of Ni-rich series showing parent phase (B2), R phase and Martensite (B19’) phase at room temperature, 
(b) XRD pattern of B2 phase in rest of alloys in Ni-rich series. 
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Fig 6: XRD pattern of Ti-rich alloys having B2 structure at room temperature showing reflections from NiTi2 inclusions. 
                
Fig 7: Variation of lattice parameters of B2 phase in Ni-rich and Ti-rich alloys, (a) determined experimentally and (b) predicted by calculating atomic volumes of 
Ni, Ti and Al in B2 lattice [8]. 
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The lattice parameter of B2 phase in both series was determined by Whole Powder Pattern Decomposition and is presented in 
Fig.7 (a). It is observed that, in general, the lattice parameter decreases with Al addition in both Ti-rich alloys and Ni-rich alloys. 
However, the reduction of lattice parameter with Al content is steeper in case of Ni-rich alloys. The lattice parameters predicted 
from the atomic volumes of Al, Ni and Ti in B2 phase of Ni-Ti alloys [8] are presented in Fig. 7(b). It is seen that the observed 
trend is in accordance with the predicted one. From this we can infer that Al occupies both Ni and Ti sites in the B2 lattice. The 
difference in the effect of Al on transformation behavior stems from the difference in thermodynamic interaction with the atoms 
on Ni and Ti sites. 
4. Conclusions 
Two series of alloys, Ni-rich (Ni50Ti50-xAlx; x=0.5-2.0 at. %) and Ti-rich (Ni50-xTi50Alx; x=0.5-3.0 at. %) were investigated by 
differential scanning calorimetry and X-ray diffractometry. On the basis of the results, the following conclusions are drawn: 
1. Al substitution in the equi-atomic Ni-Ti alloys results in a two stage B2-R-B19’ transformation sequence. 
2. Al substitution depresses both RS and MS, though at different rates. In Ni-rich alloys, MS decreases at a higher rate 
(approximately 90K/ Al at %) than RS (approximately 30K/ Al at %). In Ti-rich alloys, both RS and MS fall at the same rate, 
~30K/ Al at %.  
3. The interaction of Al and Ti atoms on Ti sites is greater than the interaction of Al and Ni atoms on Ni sites: this leads to a 
higher stability of B2 in Ni-rich alloys. 
4. The contribution of Al to the driving force of martensite transformation is same as that of Ni. The driving force of Ti, 
however, is far less than those of Al and Ni. 
5. Al appears to occupy both Ni and Ti sites. Its affect on the lattice parameter is in accordance with the variation in atomic 
volumes.  
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